We study the Coulomb blockade of tunneling through a double quantum dot. The temperature dependence of the linear conductance is strongly affected by the inter-dot tunneling. As the tunneling grows, a crossover from temperature-independent peak conductance to a power-law suppression of conductance at low temperatures is predicted. This suppression is a manifestation of the Anderson orthogonality catastrophe associated with the charge re-distribution between the dots, which accompanies the tunneling of an electron into a dot. We find analytically the shapes of the Coulomb blockade peaks in conductance as a function of gate voltage.
We study the Coulomb blockade of tunneling through a double quantum dot. The temperature dependence of the linear conductance is strongly affected by the inter-dot tunneling. As the tunneling grows, a crossover from temperature-independent peak conductance to a power-law suppression of conductance at low temperatures is predicted. This suppression is a manifestation of the Anderson orthogonality catastrophe associated with the charge re-distribution between the dots, which accompanies the tunneling of an electron into a dot. We find analytically the shapes of the Coulomb blockade peaks in conductance as a function of gate voltage.
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I. INTRODUCTION
Electron tunneling in a mesoscopic structure may be significantly affected by the charging effects. The charging suppresses tunneling, if the charge spreading is impeded by weak links, or by a special geometry of the structure. Such a suppression of tunneling is commonly referred to as the Coulomb blockade, for a review see Ref. 1. In recent experiments 2 it has become possible to observe the Coulomb blockade in semiconductor heterostructures where the geometry of the system can be easily modified by adjusting the voltages on special gate electrodes.
A common example of the Coulomb blockade effect is a measurement of linear conductance between two macroscopic leads weakly coupled to a quantum dot. 2 When an electron tunnels from a lead to the dot, the electrostatic energy of the system U = e 2 n 2 2C − κenV g (1) changes; here C is the capacitance of the dot, en is its charge, V g is the gate voltage, and κ = C g /C is a dimensionless geometrical factor which defines the gate capacitance C g . At low temperatures, T ≪ e 2 /2C, the equilibrium discrete charge of the system is determined by the minimum of U . Tunneling of an electron into or out of the dot leads to a large increase of the energy, and conduction through the dot is suppressed. However, at certain values of the gate voltage the electrostatic energy is degenerate, U (n) = U (n + 1), (2) and the Coulomb blockade is lifted. Therefore, the linear conductance shows a series of peaks at the gate voltages V * g = (2n+1)e/2C g . The heights and shapes of the peaks can be found 3 using the master equation technique,
Here G l,r are the conductances of the weak links connecting the dot to the leads. In a number of recent experimental 4-8 and theoretical 5, [9] [10] [11] [12] [13] papers tunneling through two coupled quantum dots was explored. In particular, by using a double dot structure one can probe the quantum charge fluctuations more directly than in a single dot. 4, 5, 12 Here we focus on the geometry of Ref. 4 shown schematically in Fig. 1 , in which the dependence of the peak positions on the conductance G 0 of the constriction between the two dots was studied. We discuss the theory of the peak positions in Sec. II. As G 0 grows and approaches 2e 2 /h, the peaks become equidistant, and in this respect the twodot system behaves as a single dot of a larger size. It is clear, however, that unlike a large single dot, the charge spreading between the two coupled dots is impeded, and takes a relatively long time, t ∼ C/G 0 ∼h(e 2 /C) −1 . The characteristic energy related to this time delay,h/t, is of the order of the charging energy, and one can expect it to affect the conductance through the double-dot system and cause deviations from Eq. (3) . Indeed, in Sec. III we show that the slow propagation of charge between the dots results in a suppression of the conductance peaks. The specific shape and temperature dependence of a conductance peak provides one with information about quantum fluctuations of charge between the two dots.
II. POSITIONS OF THE PEAKS IN LINEAR CONDUCTANCE
To discuss the Coulomb blockade, one has to introduce the electrostatic energy of the system shown in Fig. 1 . In the experiment 4 the potentials of the dots were controlled by a single gate voltage V g . Clearly, the equilibrium electrostatic energy is a function of three variables: the discrete charges of the two dots eN 1 and eN 2 , and the gate voltage V g . It also depends on the capacitances of the dots-to the gate, to the external world, and to each other-which introduce five parameters into the problem. We will use the following expression for the electrostatic energy
where X is a dimensionless variable proportional to V g . The effective circuit we have in mind, the exact relation between X and V g , and expressions for the parameters E C ,Ẽ C , λ and α in terms of the capacitances of the dots can be found in Appendix A.
We intentionally grouped the terms in Eq. (4) in such a way that the energy depends on the total number of particles in the two dots N 1 + N 2 and the relative charge N 1 − N 2 . In this paper we assume that the coupling of the double-dot system to the leads is extremely weak, G l , G r ≪ G 0 , and therefore one can neglect the quantum fluctuations of N 1 + N 2 . On the other hand, the inter-dot conductance G 0 is not necessarily small, and at G 0 ∼ e 2 /h the fluctuations of N 1 − N 2 are significant. The tunneling of the electron between the dots lowers the ground state energy of the system. Thus to determine the positions of the peaks in the linear conductance one should generalize Eq. (2) by replacing the electrostatic energy U with the ground state energy of the double-dot system E N (X) for a fixed total number of electrons N = N 1 + N 2 . That is, the peak positions X * are given by
Early attempts at the calculation of the peak positions were based on models allowing only a few discrete states in each dot. 10, 11 Such an approach should provide an adequate description of the system in the case of extremely small quantum dots. In typical experiments, 4-8 however, the number of states in each dot is large, and a model with continuous spectra of electrons is more appropriate. The calculation of the ground-state energy for such a model in the limits of weak and strong coupling between the dots can be found using the techniques developed in Refs. 14, 15 . For a symmetric system, λ = α = 0, in the weak tunneling case, G 0 ≪ e 2 /h, the peaks are centered at the following values of the gate voltage: 12, 13 
where n is any integer. The peak splitting X + − X − grows linearly with G 0 . In agreement with the experiment, 4 for a symmetric system, α = λ = 0, the peaks at small conductance G 0 are doubly degenerate (assumingẼ C = E C , which is a good approximation for the experiment 4 ). Even a small asymmetry, α ≪ 1, lifts this degeneracy. Indeed, the positions of the peaks as G 0 → 0 can be found from (5) with the electrostatic energy (4) as the full energy. As a result we find the two sequences of peaks
where again n is any integer. An asymmetry of the system caused by a non-zero λ in Eq. (4) also leads to the lifting of the degeneracy. One can easily see that the peak positions given by Eq. (7) show periodic beats: near certain values of the gate voltage X the neighboring peaks come very close together-they are separated by a distance of order αwhile between those values of X the peaks are separated by δX ∼ 1. The period of these beats is α −1 . In the regions where the distance between the neighboring peaks predicted by Eq. (7) is small, an additional splitting due to the quantum charge fluctuations caused by finite interdot conductance G 0 should be taken into account. This additional peak splitting can be found in the same way as the splitting (6) in the symmetric case. For the casẽ E C = E C , the result is δX = (ln 2/π 2 )hG 0 /e 2 .
In the opposite case of strong coupling the properties of the system depend on the particular model of the junction between the dots. For an electrostatically created constriction between the dots, a one-dimensional (1D) model of the junction is the most appropriate. 16 In this case the conductance G 0 never exceeds 2e 2 /h, and the strong-tunneling case corresponds to a small reflection coefficient R = 1 − hG 0 /2e 2 ≪ 1. We will concentrate on the asymmetric case, α > 0, assuming for simplicity λ = 0, and derive the peak positions X * from Eq. (5) . At fixed N = N 1 + N 2 the electrostatic energy (4) can be rewritten as
where γ = (N + αX)/2. The second term on the righthand side is expressed in terms of the number of particles in the left dot. In the strong tunneling case N 1 is no longer quantized, and at R → 1 its average assumes the value N 1 = γ, thus minimizing the electrostatic energy. In this limit one easily finds E N (X) = E C (N − 2X) 2 , and the peaks are equidistant, X * = (2n + 1)/4. At non-zero R the average number of particles in the left dot N 1 is not precisely equal to γ, but oscillates near γ with period ∆γ = 1. The corresponding small periodic contribution to the ground state energy was found in Ref. 15 , where a single quantum dot connected to a large lead was considered. At temperatures exceeding the level spacings in both dots the two problems are equivalent, and one can use the result 15 for the periodic correction to the ground state energy,
where C = 0.5772 . . . is Euler's constant, and φ(γ) is defined as φ(γ) = φ 0 + πγ. In contrast to Ref. 15 , we included here a shift φ 0 in the phase φ(γ) of the Coulomb blockade oscillations. Such a phase shift is always present, for instance, due to an asymmetry of the scattering potential in the constriction connecting the dots. In the case of a single dot connected to a large lead 15 the presence of φ 0 is irrelevant, as it can always be compensated by an appropriate shift of the gate voltage. Similarly, in the case of a double-dot system the phase φ 0 can be incorporated in the definition of X as some shift [see the definition of γ in Eq. (8)], unless the system is completely symmetric, α = 0.
One can now use the expression for the ground state energy (9) to find the corrections to the equidistant peak positions caused by the weak scattering in the constriction. From Eq. (5) we find
This result for the peak positions in the strong tunneling regime, R ≪ 1, is a generalization of the results in Refs. 12,13 to the case of an asymmetric system. The asymmetry gives rise to the cosine factor in Eq. (10) .
Similarly to the regime of weak tunneling, in the asymmetric case the distance between the peaks shows beats, with the period in X being α −1 .
As we mentioned, the presence of even a weak asymmetry of the system destroys the periodicity of the peak positions and thus complicates the comparison of the experimentally observed peak splitting with the theory. 12, 13 One should note, however, that in both weak and strong tunneling cases, in the regions of the gate voltage X where the peak splitting assumes the smallest possible values, the distance between the neighboring peaks coincides with that predicted by the theory 12,13 for the symmetric case.
In the next section we calculate the heights and shapes of the conductance peaks, whose positions are given by Eqs. (6), (7) , and (10), and compare the results with the available experiments.
III. HEIGHTS AND SHAPES OF THE CONDUCTANCE PEAKS

A. Weak tunneling between the dots
We start our discussion of the heights and shapes of the conductance peaks with the case of weak tunneling between the dots, which means that the conductance of the constriction is small, G 0 ≪ e 2 /h. Nevertheless, we assume that the coupling to the leads is even weaker, G l , G r ≪ G 0 . The results for the conductance depend on the symmetry of the system. In the symmetric case, one can find the conductance within the master-equation approach, identical to the one used in a single-dot case. 3 The resulting conductance has the form:
where β = 4E C /T , and X * ± are the positions of the two adjacent peaks given by Eq. (6) with the same n. The two peaks are resolved only at sufficiently low temperatures, T ≪ E C (X * + − X * − ) as shown explicitly in Fig. 2 . The derivation of Eq. (11) is outlined in Appendix B.
In a symmetric device each state with an odd charge N is doubly degenerate: the "odd" electron may be on either the left or right dot. In addition, at special values of gate voltage X = X * ± , states with charges N and N + 1 are degenerate. At these values of X, a charge can be transferred through the double-dot system via a sequence of real states. As a result, the peak conductance is temperature-independent.
A small asymmetry changes the situation qualitatively. As we saw in Sec. II, the presence of a non-zero α or λ in the electrostatic energy (4) lifts the degeneracy; i.e., the states with an "odd" electron on either the left or right dot now have different energies. If this difference of energies is larger than the temperature, one can no longer transfer charge through the double-dot system via real states only. For instance, at the value of the gate voltage X * 1 = 1/(2 + α) the energies of the states with charge 0 and with extra charge e on the left dot are equal, whereas the energy of the state with charge e on the right dot is ∆ = 4αE C /(2 + α). (Here we assume that all the asymmetry is due to α > 0, and λ = 0, E C = E C .) At low temperatures the tunneling of an electron from the left dot to the right one involves an increase of the energy of the system by ∆ > T , and so tunneling through the double-dot system is suppressed. Nevertheless, an electron can still escape from the left dot to the right lead via a virtual state in the right dot. Such a mechanism of tunneling in Coulomb blockade devices is known as cotunneling. 1 At temperatures exceeding the level spacing in the dot, the leading mechanism is inelastic cotunneling. 17, 18 In this case an electron tunnels from the left dot to the right one, and then another electron tunnels from the right dot to the right lead. After the cotunneling process is completed, the right dot is returned to the state with no extra charge, but an electron-hole pair is created. As a result the phase space volume for such processes is proportional to T 2 , i.e., the conductance of the system is now suppressed at low temperatures.
Let us find the height and shape of a conductance peak at low temperatures, T ≪ ∆, for the example described. We first calculate the rate of cotunneling of an electron from the left dot to the right lead:
where t pk t sq /∆ is the second-order matrix element for the transfer of an electron from state k in the left dot to state p in the right dot, and then the transfer of another electron from state q in the right dot to state s in the right lead; n k(p,q,s) and ǫ k(p,q,s) are the corresponding Fermi occupation numbers and energies, respectively. We also defined
Here we used the definition of the conductance G 0 = (2πe 2 /h) |t pk | 2 δ(ǫ k )δ(ǫ p ), and a similar relation for G r .
One can now express the current through the system as
where w 0 and w 1 are the occupation probabilities of states with the charge of the left dot 0 and e, respectively. Since the escape rate to the right electrode is strongly suppressed and is much smaller than the rate of tunneling to the left lead, the left dot is in equilibrium with the left lead and
Here V is the bias applied to the leads. An expansion of the current (15) to linear order in V gives the conductance
The dependence ε(X) is given by Eq. (13) .
As expected the height of the peak is suppressed at low temperatures as T 2 . The result (17) can be applied to any of the peaks (7) in the asymmetric system, provided that the appropriate values of ∆ and ε are found from the electrostatic energy (4). The cotunneling peaks calculated for realistic parameters 4 are presented in Fig. 3 .
B. The limit of strong tunneling between the dots
In section III A we assumed that the coupling of the two dots is weak. This enabled us to apply the standard master equation technique in the case of a symmetric system, and to account for the lowest-order cotunneling process only in an asymmetric double-dot device. In this section we consider the limit of strong tunneling, where the techniques based on a simple perturbation theory are not applicable. We define the strong-tunneling limit as the case of perfect transmission through the channel between the dots, i.e., G 0 = 2e 2 /h. To treat this limit, we apply here a non-perturbative approach based on the bosonized picture of the 1D transport through the channel. 19, 15, 20 We shall treat the double dot system as a single conductor of complicated shape. To find the conductance we will generalize the master-equation technique of Ref. 3 to account for the impedance of the charge propagation between the dots due to the narrow constriction. We need to find the renormalization of the rates of tunneling from the leads into the double-dot conductor. The impedance of the charge redistribution within this conductor suppresses the tunneling rates, not unlike the effect 21 of the "electromagnetic environment" on transport through a single tunnel junction.
To find the rate of tunneling through, e.g., the left tunnel junction, we introduce a Hamiltonian that accounts for electron states in the left lead and left dot, as well as for the electron states participating in the re-distribution of the charge between the dots. The separation of the latter group of states from the two others is possible at time scales shorter than the time of electron propagation from the tunnel junction to the other dot. In the case of a single mode constriction, this time is of the order of the inverse level spacing in the dot. Therefore our theory is limited to temperatures exceeding the level spacing.
We assume that the constriction connecting the two dots is a single-mode channel with no reflection. In this case the set of electronic states responsible for the transport between the dots is one-dimensional and can be presented in a bosonized form. 19, 15 Thus the Hamiltonian can be written as H = H 0 + H C + H t ,
First, in H 0 , since we are considering transport of an electron from the left lead into the left-hand dot, a k is the annihilation operator for electrons in the left lead and a p is the operator for electrons in the left dot; ǫ k and ǫ p are the corresponding energies. The bosonized 1D electron system is described by the displacements u σ (x) and momentum densities p σ (x) in two spin channels, which satisfy the commutation relation [u σ (x), p σ ′ (y)] = ihδ(x − y)δ σσ ′ ; m and n 0 are the mass and density of 1D electrons. Second, in H C , the charging energy (4) is written in terms of the operator n L of the number of electrons tunneled through the left barrier and the charge en 0 [u ↑ (0) + u ↓ (0)] transferred from the left dot to the right one. Finally, in the tunnel Hamiltonian (20) the matrix elements t kp describe tunneling through the barrier. The transfer of each electron into the dot changes n L by one; to account for this, we use the operator F defined by the commutation relation
The tunneling current through the junction is
where the average is performed with the density matrix of the system described by the Hamiltonian (18)- (20) . Assuming that the transmission coefficient of the tunnel barrier is small, we will calculate the tunneling current in lowest (second) order perturbation theory in t kp . Thus we can expand the density matrix up to the first order in t kp and find
In thermodynamic equilibrium the two contributions in I L compensate each other. To find the effective conductance G L of the left junction, which is renormalized due to the slow charge redistribution between the dots, we now shift the chemical potential in the lead by eV and find G L = dI L /dV in the following form: 20
Here G l = (2πe 2 /h) |t kp | 2 δ(ǫ k )δ(ǫ p ) is the unrenormalized conductance of the left barrier, and we have introduced the correlator
In the derivation of Eq. (24) we used the equality F (t)F † (0) = F † (t)F (0) , which follows from the symmetry of the Hamiltonian (18)- (20) with respect to the transformation n L → −n L , F → F † , u σ → −u σ , and X → −X.
In the absence of interaction, E C =Ẽ C = 0, the operators F and F † commute with the Hamiltonian, the correlator K(t) = 1, and the conductance is not renormalized: G L = G l . We show below that the time dependence of the correlator K(t) is non-trivial ifẼ C , E C > 0. Consequently the effective conductance G L is renormalized and acquires a power-law temperature dependence at T ≪Ẽ C .
To calculate K(t), we use a unitary transformationÛ which shifts the origin of the electron liquid displacement u σ by a distance which depends on n L ,
Upon the transformation (26) the Hamiltonian is simplified, and operator F acquires a phase factor:
The correlation function (25) now factorizes, K = K F K Θ . The factor K F = F (t)F † (0) is easily found:
In the derivation of Eq. (30) we assumed that the gate voltage X is close to one of the peak positions X * = (2n + 1)/4, see Eq. (10), and that the temperature is much smaller than E C so that only two states are involved. The calculation of K Θ is also straightforward, as the Hamiltonian (28) is quadratic in the bosonic variables, and the exponent in (29) is linear in these variables:
One can now substitute K = K F K Θ into Eq. (24) to find the renormalized conductance,
where η L = (1 + λ) 2 /4. The peak shape is given by the function F η (x) defined as
The tunneling into the double-dot system is suppressed at low temperatures, G L ∝ T η L . The origin of this suppression is Anderson's orthogonality catastrophe. The tunneling of an electron into the left dot results in a significant change of the ground state of the double-dot system, and the new ground state is orthogonal to the old one, leading to the suppression of tunneling. Indeed, after the tunneling process has changed the charge of the left dot by e, charge q ↑ = q ↓ = e(1 + λ)/4 must be transferred to the right dot in each spin channel to minimize the electrostatic energy. The orthogonality of the two ground states results in a power-law suppression of the tunneling density of states, G ∝ T η L , where the exponent can be related to the charges q σ as 22 η L = 2 σ (q σ /e) 2 , in agreement with Eq. (32).
The tunneling through the right barrier can be treated in the same manner, and the result for the renormalized conductance G R can be found by replacement G l → G r and η L → η R = (1 − λ) 2 /4 in Eq. (32). After the renormalized conductances G L and G R are found, we can use the master equation approach similar to the one outlined in Appendix B, and find the total conductance:
At T → 0 the smallest of the two conductances, G L and G R , controls G, which means that the peak value of G is proportional to T η , with η = (1 + |λ|) 2 /4. Depending on the geometry of the system, the parameter λ may vary from −1 to 1, and is 0 in the symmetric case. Therefore the exponent of the temperature dependence η varies from 1/4 in the symmetric case to 1 in the most asymmetric case.
C. Intermediate strength of tunneling between the dots
In the previous two sections we considered the cases of weak and strong tunneling between the dots. We found that for a symmetric system in the weak tunneling limit the conductance peak heights are temperature independent, whereas in the strong tunneling limit the peak heights are suppressed as T 1/4 . For the asymmetric case we discovered the T 2 dependence of the peak conductance in the weak tunneling case, and T η with geometry-dependent exponent, 1 4 ≤ η ≤ 1, for strong tunneling. In this section we show that in the intermediate regime the power-law temperature dependence of the peak conductance persists and consider the corresponding exponents.
We start with the case of symmetric geometry. The weak tunneling result (11) was obtained in the framework of the master equation approach with the interdot tunneling rate calculated to first order in G 0 . It is known, 14 however, that the higher-order terms of the perturbation theory give rise to a logarithmic renormalization of the conductance G 0 . This renormalization becomes important at temperatures T < ∼ T K ≃ E C exp[−(π 3 e 2 /4hG 0 ) 1/2 ]. Therefore at G 0 ≪ e 2 /h the result (11) is applicable only in the range of temperatures
A similar argument can be applied in the vicinity of the strong tunneling limit. Indeed, it was shown 15 that at G 0 = 2(e 2 /h)(1 − R) a weak reflection in the constriction is a relevant perturbation which grows at low temperatures and becomes strong at T < ∼ E C R. Thus the T 1/4dependence of the peak conductance found in Sec. III B holds only in the temperature range
To consider the effect of weak backscattering R ≪ 1 in the constriction on the low-temperature asymptotics, T ≪ E C R, of the peak conductance, we complement the Hamiltonian (18) 
where the phase shift φ 0 is added to account for the possibility of an asymmetric location of the scatterer with respect to the center of the constriction. One can then repeat most of the discussion of Sec. III B with the new Hamiltonian. Upon the unitary transformation (26) the backscattering term takes the form
where φ X = φ 0 + π 2 αX. Unlike other terms (28) of the Hamiltonian, the backscattering term (36) shows non-trivial dependence not only on the sum of the displacements u ↑ + u ↓ , but also on their difference u ↑ − u ↓ . At low temperatures T ≪ E C , one is only interested in the low-energy behavior of the system. In this regime the fluctuations of the charge of the dot n 0 [u ↑ (0) + u ↓ (0)] are frozen due to the charging energy term in Eq. (28) and can be integrated out. The resulting backscattering term has the form
cf. Ref. 15 . Since the operators F and F † do not commute with the backscattering term (37), the latter can affect the K F component of the correlator K(t) and the conductance of the left barrier (24) . To find the effect of the backscattering on K F (t), we first discuss the influence of the operator (37) on the dynamics of the spin field u ↑ − u ↓ . One can easily show that the operator (37) is a relevant perturbation, 20 i.e., the amplitude of the cosine term grows at low energies. Thus at T → 0 the spin field fluctuations are frozen at the value n 0 [u ↑ (0) − u ↓ (0)] = 0 or 1 for the positive and negative values of cos φ X − π 2 (1 + λ)n L , respectively. When an electron tunnels into the double-dot system through the left barrier, the value of n L changes from 0 to 1. Thus the prefactor in Eq. (37) is proportional to either cos φ X or cos φ X − π 2 (1 + λ)n L . If the two cosines have the same sign, the increase of n L described by the operator F † does not affect the long-time dynamics of the spin mode, which remains pinned at the origin with the same value of u ↑ (0) − u ↓ (0). In this case the time dependence of K F (t) is not affected by the backscattering and the conductance G L is still given by Eq. (32), with a different prefactor which we do not calculate here. On the other hand, if the signs of cos φ X and cos φ X − π 2 (1 + λ)n L are different, the change of n L shifts the boundary condition for the spin mode from n 0 [u ↑ (0) − u ↓ (0)] = 0 to 1. An abrupt change of the boundary condition creates a disturbance in a 1D bosonic field that decays slowly, giving rise to power-law time dependences of electronic Green's functions. 23 Thus the correlator K F (t) acquires an additional time-dependent factor 20,25 K s (t) ∝ πT /i sinh[πT (t − iδ)/h]. According to Eq. (24), such a modification of K(t) not only changes the prefactor in Eq. (32), but also replaces the exponent η L by η L + 1. Thus depending on the values of φ X and λ, the backscattering either does not affect the temperature dependence of the renormalized conductance G L ∝ T (1+λ) 2 /4 or replaces it with a stronger one,
The latter result can be easily interpreted in terms of the orthogonality catastrophe. Indeed, as we saw, the tunneling of an electron into the left dot leads to the transfer of charge q ↑ + q ↓ = e(1 + λ)/2 through the constriction. On the other hand, if n 0 [u ↑ (0) − u ↓ (0)] changes from 0 to 1, the transferred spin is (q ↑ −q ↓ )/2e = 1 2 . Thus we can easily evaluate the charge transferred in each of the spin channels,
The suppression of the tunneling density of states is described by the power law ν ∝ ǫ η L , where the exponent is given by 22 η L = 2 σ (q σ /e) 2 . From Eq. (38) we now find
which results in the power-law suppression of the conductance, G L ∝ T 1+(1+λ) 2 /4 . To find the temperature dependence of the peaks in the conductance through the double-dot system, one has to find not only G L , but also G R . It is clear that when a tunneling process through the whole double-dot system is completed, exactly one electron is transferred through the constriction. Thus we conclude that the total transfer of charge after one electron has tunneled into the left dot and another one escaped from the right dot is ∆q = e. Since the charge transferred through the constriction at the first step was e(1 + λ)/2, the tunneling of an electron from the right dot must be accompanied by the transfer of charge e(1 − λ)/2. We saw above that unlike charge, the spin is transferred in quantized portions ∆s = 1 2 . Since the total transferred spin is 1 2 , we conclude that exactly one of the two tunneling events involved the transfer of spin. Therefore in the cases when the temperature dependence of G L is given by T (1+λ) 2 /4 and T 1+(1+λ) 2 /4 , the conductance G R behaves as T 1+(1−λ) 2 /4 and T (1−λ) 2 /4 , respectively. Finally, since the total conductance is given by the smaller of G L and G R , we find
To determine which option applies to a particular peak, one needs a detailed knowledge of the microscopic structure of the double-dot system. It is clear, however, that for nearly symmetric geometries the parameter λ, which is determined only by the electrostatics of the system, should be small: λ ≪ 1. In this case we predict the temperature dependence G ∝ T 5/4 for all peaks, independent of the microscopic structure of the double-dot.
The temperature dependence of peak heights has been investigated experimentally by N. van der Vaart et al. 26 In the regime of weak reflection, the power-law fit to the data in the temperature interval 100mK < T < 1K gave η = 0.8-1.2, which is slightly less than our result η = 1.25 for the symmetric geometry.
The result (40) shows that the presence of even weak backscattering in the constriction gives rise to a large correction ∆η ∼ 1 to the exponent in the power-law temperature dependence G ∝ T η of the peak conductance. In the derivation of Eq. (40) we assumed that the backscattering is weak, R ≪ 1. As the backscattering grows, it further affects the temperature dependence. Indeed, so far we assumed that the presence of the backscattering only creates a boundary condition for the spin mode, u ↑ − u ↓ , and does not affect the charge mode, u ↑ + u ↓ . However, from the studies 14,15 of a single dot connected to a large lead it is known that the backscattering does affect the charge transferred through the constriction. One can attempt to generalize the result (40) to the case of arbitrary R by introducing the value Q t of the charge transferred through the constriction after an electron tunnels into the left dot. It is clear from the derivation of Eq. (39) that the second term there is actually Q t /e, i.e.,
At R → 0 the correction to the electrostatic value Q t = e(1 + λ)/2 of the transferred charge is small, 15 ∆Q t ∼ R ln 1 R , which justifies the approximation (39). It is interesting to apply Eq. (41) to the weak-tunneling limit R → 1, considered in Sec. III A. In the asymmetric case we demonstrated that the temperature dependence of the conductance is given by Eq. (17) . In the derivation we assumed that because of the high barrier separating the dots, there is no transfer of electrons between the dots after an electron tunnels into the left dot. This means that both Q t and ∆s vanish, η L = 0, and the conductance G L is not suppressed at T → 0. On the other hand, when an electron escapes to the right lead, it must go through the constriction, leading to Q t = e and ∆s = 1 2 . As a result, the relation for η R similar to Eq. (41) will give η R = 2, which leads to the quadratic temperature dependence (17) of the linear conductance.
In our approach the shape of the peak is obtained from Eq. (24) by substitution K(t) ∝ {πT /i sinh[πT (t − iδ)/h]} η . As a result the shape of the peak is always uniquely related to its temperature dependence,
where F η is defined by Eq. (33), and ε is proportional to the deviation of the gate voltage from the peak center. One can easily check that the peak shape (17) in the weak-tunneling limit does coincide with F 2 (ε/T ).
IV. CONCLUSIONS
In this paper we studied electron tunneling through a system of two quantum dots connected by a constriction. Tuning the conductance G 0 of this constriction, one may control the quantum charge fluctuations between the dots and thus affect the Coulomb blockade phenomenon that develops at a sufficiently low temperature, T < ∼ E C . The positions of the peaks in linear conductance, G(V g ), depend on the value of G 0 , and in the limit G 0 → 2e 2 /h the peaks become equidistant (Section II). A striking result, however, is that the height and shape of the peaks also evolve significantly with G 0 , and remain non-trivial even in the limit of a reflectionless constriction, G 0 → 2e 2 /h. We have demonstrated that at any G 0 , except a special case of small G 0 in a symmetric two-dot system (Section III A), the peak conductance is a power-law function of temperature T . The exponent of the power law depends on the charge re-distribution between the dots that accompanies the electron transport through the two dots. Both this exponent and the explicit peak shapes depend on the dots' geometry, as well as G 0 (Sections III B and III C). The suppression of conductance at low temperature and bias can be understood in quite general terms as an Anderson orthogonality catastrophe caused by the re-distribution of charge (see Sections III B, III C), and the same exponents should describe the bias dependence of the differential conductance at T = 0.
In deriving our results, we assumed that the incoming electron dwells in a dot for a long time t d ≫h/T before reaching the constriction that connects the dots. In a generic situation of a dot lacking a special symmetry, the electron bounces off the walls many times, before it gets to the constriction. The dwelling time is determined by the level spacing, t d ∼h/δE. Therefore, the results we presented in Section III are valid in the temperature interval δE < T < E C . For typical parameters, this interval allows one to vary the temperature by at least one decade.
The effect of quantum charge fluctuations on the ground state energy has been recently demonstrated experimentally. 4, 5 The data of Waugh et al, 4 is in a quantitative agreement with the present theory. 12 The temperature dependence of the peak conductance, which is related to the dynamics of the charge re-distribution, was studied in a very recent experiment by N. van der Vaart et al. 26 The temperature dependence exponent found experimentally in the regime of weak reflection, η = 0.8-1.2, is somewhat smaller than the theoretical value η = 1.25 we find for this case. In this section we find the electrostatic energy of the double dot structure in terms of the capacitances of the individual dots and the gate voltage. To describe the electrostatics of the physical structure shown schematically in Fig. 1 , we introduce the circuit diagram in Fig. 4 . The electrostatics is determined by the gate voltage V g and 5 capacitances-C 1 and C 2 are the capacitances of the dots to the gate, C 3 is the capacitance between the dots, and C 4 and C 5 are the capacitances of the dots to everything else.
In terms of the charge on each capacitor, the electrostatic energy is
The number of electrons on each dot is given by the sum of the charges on the appropriate three capacitors:
We now must minimize the energy Eq. (A1) at fixed values of V g , N 1 , and N 2 and evaluate the energy at this minimum. The result has the form (4) [up to an irrelevant constant], and we now give explicit expressions for the parameters in this equation. First, the energy involved in changing the total charge on the double-dot system is given simply by the total capacitance of the double-dot to the external world. Introducing the external capacitance
we find
The coupling of the total charge to the gate is given by the capacitance to the gate,
Turning to asymmetric structures, we find that the fractional asymmetry of the capacitances determines the parameter λ,
In terms of this asymmetry parameter, we find that the charging energy for transfer from one dot to the other isẼ
and that the coupling of this excitation to the gate is given by
This completely specifies the electrostatic problem.
APPENDIX B: MASTER EQUATION TECHNIQUE FOR THE CONDUCTANCE PEAKS
In this Appendix we derive the expression (11) for the conductance peaks in the symmetric case. We restrict ourselves to the case of temperatures which are much smaller than E C , but can be of the order of E C (X * + − X * − ). For simplicity we assume that the gate voltage X is close to 1 2 , so that only the pair of peaks centered at X * + and X * − given by Eq. (6) with n = 0 should be considered. In this regime only the states with charges 0, e, and 2e should be taken into account. Clearly, one has four states, which can be denoted as 0, l, r, and 2, where l and r describe the two states with charge e on the left and right dot respectively.
We start with introducing the probabilities of occupation of the four states, which satisfy the obvious condition: w 0 + w l + w r + w 2 = 1. The rate of transitions from state 0 to state l, which are caused by tunneling of an electron through the left barrier, is given by
Here t pk is the matrix element of tunneling from the state k in the left lead to the state p in the left dot, n k(p) and ǫ k(p) are the corresponding Fermi occupation numbers and energies, E 0 (X) and E 1 (X) are the values of the ground state energy of the double-dot system with charge 0 and 1, the function f (x) is defined as
In deriving Eq. (B1) we assumed the bias V applied to the left lead. In a similar way one can find the rates of all other transitions. In a stationary state the time derivatives of the occupation probabilities of all the four charge states of the system vanish. This gives us three independent equationṡ w l =ẇ r =ẇ 2 = 0, which can be written in the following form:
G l [w 0 f (ε 1 − eV ) − w l f (−ε 1 + eV )] + G 0 f (0)[w r − w l ] + G r [w 2 f (−ε 2 ) − w l f (ε 2 )] = 0,
Here we have introduced ε 1 ≡ E 1 (X) − E 0 (X) = 4E C (X * − − X), ε 2 ≡ E 2 (X) − E 1 (X) = 4E C (X * + − X).
FIG. 1. Schematic view of the double quantum dot system. The dots are formed by applying negative voltage to the gates (shaded); the solid line shows the boundary of the 2D electron gas (2DEG). V l and Vr create tunnel barriers between the dots and the leads while V0 controls the transmission coefficient through the constriction connecting the dots.
FIG. 2. The evolution of the split peaks with temperature described by Eq. (11) . The reference point for the gate voltage is chosen to be (X * − + X * + )/2, and the gate voltage is plotted in units of (X * + − X * − )/2. The peak splitting is observable at a sufficiently low temperature, β ≡ 4EC /T > ∼ 2.
FIG. 3. The conductance as a function of dimensionless gate voltage X in the asymmetric weak-coupling case. Note the correlation between the modulation of the peak height and the separation of adjacent peaks: when the peaks are high the splitting is small, while when the peaks are small they are well separated. The parameters used in Eq. (17) to produce this plot are α = 0.155 and T /EC = 0.07. 
